Abstract-Interconnect plays an increasingly important role in deep-submicrometer very large scale integrated technologies. Multiple design criteria are considered in interconnect design, such as delay, power, and bandwidth. In this paper, a repeater insertion methodology is presented for achieving the minimum power in an RC interconnect while satisfying delay and bandwidth constraints. These constraints determine a design space for the number and size of the repeaters. The minimum power is shown to occur at the edge of the design space. With delay constraints, closed form solutions for the minimum power are developed, where the average error is 7% as compared with SPICE. With bandwidth constraints, the minimum power can be achieved with minimum-sized repeaters. The effects of inductance on the delay, bandwidth, and power of an RLC interconnect with repeaters are also analyzed. By including inductance, the minimum interconnect power under a delay or bandwidth constraint decreases as compared with an RC interconnect.
I. INTRODUCTION

R
EPEATER insertion is an efficient method for reducing interconnect delay and signal transition times in integrated circuits. The optimal number and size of the repeaters to achieve the minimum delay have been described in [1] for an RC interconnect, and in [2] for an RLC interconnect. The size of an optimal repeater is typically much larger than a minimum-sized repeater. Since millions of repeaters will be inserted to drive global interconnects in future high-complexity circuits [3] , significant power will be consumed by these repeaters, particularly if delay-optimal repeaters are used. A power-delay tradeoff is, therefore, necessary to support efficient repeater insertion design methodologies [4] .
The number and size of the repeaters to minimize the dynamic power and area of an interconnect while satisfying a target delay constraint have been described by Nalamalpu and Burleson in [5] . Burleson et al. further compared repeaters with boosters in [6] . The input transition time of a repeater is generally greater than the output transition time. In this case, the short-circuit power can be comparable or even greater than the dynamic power [7] . With CMOS technology scaling, leakage power is increasing rapidly, and is expected in future technologies to reach the same magnitude as the dynamic power [8] . By including both short-circuit and leakage power, a low-power repeater design methodology is presented in [9] . The power is minimized with a 5% delay penalty. Closed-form solutions, however, are not provided. In these papers, inductance effects are also not included. In upper metal layers, wide interconnects are frequently used, which have low resistance, making inductance effects nonnegligible in high-speed circuits.
With on-chip signal frequencies continuously increasing, bandwidth has become another important criterion in interconnect design. In this paper, a new repeater insertion methodology is proposed for achieving the minimum power while satisfying delay and bandwidth constraints. This paper is an extended version of [10] and [11] . Different power components of the interconnect are compared and multiple constraints are considered. The paper is organized as follows. In Section II, the timing and power models of RC interconnects are reviewed. Based on these models, analytic methods are presented for achieving the minimum power while satisfying delay and bandwidth constraints. In Section III, the effects of inductance on this repeater design methodology are analyzed. Finally, some conclusions are offered in Section IV.
II. POWER DISSIPATION IN AN RC INTERCONNECT WITH DELAY AND BANDWIDTH CONSTRAINTS
By including the effects of the input transition time, a timing model of an RC interconnect with repeaters is presented in Section II-A. The three primary power dissipation sources in interconnects are reviewed in Section II-B. Given a delay or a bandwidth constraint, a design space for a repeater system can be determined. The minimum achievable power in this design space is described in Sections II-C and D for delay and bandwidth constraints, respectively. Multiple constraints are analyzed in Section II-E.
A. Delay and Transition Time Model of RC Interconnects
As shown in Fig. 1 , a distributed RC interconnect is evenly divided into segments by repeaters. and are the total resistance and capacitance, respectively, of the interconnect. The repeaters are times as large as a minimum-sized repeater, The repeater is assumed in this paper to be implemented as a CMOS inverter. The inverter is also assumed to be symmetric such that the effective output resistance is the same for both rising and falling signal transitions. The Berkeley predictive technology model (BPTM) [12], [13] for a 45-nm printed channel length is used, corresponding to the 80-nm technology node described in the International Technology Roadmap for Semiconductors (ITRS) [8] . Some model parameters are modified to capture the trends of the saturated drain current and subthreshold current predicted by the ITRS. The device parameters used in this paper are listed in Table I , where is the velocity saturation index and is determined with the method described in [14] . The PMOS transistor is 2.2 times as large as the NMOS transistor in the inverter, and the minimum gate width is assumed to be 45 nm. and can be obtained with SPICE by measuring the charge stored on the input and output of the minimum-sized repeater during signal transitions. In this paper, fF and . can be approximated as (1) where is a fitting parameter, and is the saturated drain current of a minimum-sized NMOS transistor with both and equal to . can be determined by matching the 50% delay or transition time of the step response of an RC equivalent circuit to SPICE simulations. Note that the obtained by matching the 50% delay and the obtained by matching the transition time are different and are denoted as and , respectively. In this paper, is 0.78 and is 0.55. The corresponding output resistances are and . The delay and transition time of a single interconnect stage for a step input can be obtained from [15] (2) (3) where . With a finite input slew rate, both the repeater delay [14] and repeater output transition time [16] depend linearly on the input transition time . The contribution of to the repeater delay can be represented by . For a rising input, is determined as [14] ( 4) where . By changing the suffix to in (4), the coefficient for a falling input can be obtained. An average of and is used as in the rest of this paper to determined the interconnect delay.
The linear dependence of the repeater output transition time on is only valid for slow input signals with small load capacitances [16] . Furthermore, the signal is degraded by the interconnect impedance before reaching the far end, decreasing the sensitivity of the far end transition time to the input slew rate. The effect of the input slew rate on the far end transition time is, therefore, ignored in this paper. The signal transition times determine the highest switching speed an on-chip signal can achieve, i.e., the bandwidth of the circuit. The total delay of the interconnect is The total delay obtained from (5) as well as the model neglecting input transition time effects are compared with SPICE in Fig. 2 for different numbers of repeaters. In the SPICE simulation, the first driver and the far end load are assumed to be implemented by the same sized repeater. The input signal slew of the first driver is assumed to be the same as the signal slew at the end of the interconnect. The interconnect parameters are extracted for a minimum-sized global interconnect at the 80-nm technology node [8] . As shown in Fig. 2 , neglecting the effects of the input transition time significantly underestimates the total delay. When the number of repeaters is small, each repeater drives a long interconnect. The signal transition time at the input of each repeater (the output of the previous stage) is sufficiently large; therefore, the assumption made in [14] is no longer valid. The gate delay does not increase linearly with the input transition time and (5) becomes less accurate. This situation will normally not occur in practical circuits due to the slow transition time. In this example, when more than four repeaters are inserted, the error of (5) is within 7% of SPICE.
By setting and to zero, the optimal and to minimize can be obtained
The corresponding minimum delay is (11) This delay-minimal repeater design methodology is not necessarily an appropriate strategy in practical circuits. First, the delay is not sensitive to the size of the repeaters near the optimal point, therefore, significant power and area are wasted to achieve only a small improvement in speed when approaching the optimal point (for minimum delay). Second, with increasing on-chip signal frequencies, it is possible that a delay-minimal design methodology will not satisfy the specific bandwidth requirement.
B. Power Dissipation Components in Interconnects With Repeaters
Power dissipation is a primary criterion in VLSI circuits due to high integration densities and high speeds. There are three significant power dissipation mechanisms in digital CMOS circuits: dynamic power, short-circuit power, and leakage power.
1) Dynamic Power: Dynamic power is the power consumption due to charging and discharging the load capacitance. Dynamic power has been well studied and is characterized by the following well-known expression:
where is the clock frequency and is the switching factor (assumed here as 0.15 [9] ). For an RC interconnect with repeaters, the load capacitance includes both the interconnect capacitance and the parasitic capacitance of the repeaters. The total dynamic power in a RC line with repeaters is (13) 2) Short-Circuit Power: If the signal applied at the input of a CMOS inverter has a finite slew rate, a direct current path exists between and ground when the input signal switches between and . The power consumed in this way is called short-circuit power [17] . The short-circuit power is a function of the input transition time, output load capacitance, and the size of the transistor. A closed-form model of the shortcircuit power [18] is adopted here because the model provides a clear relationship between the short-circuit power and related circuit parameters. From this model, the short-circuit energy dissipated in a CMOS inverter during a full signal switch can be approximated as (14) In this expression, is the output load capacitance. and . and . and are the coefficients associated with rising inputs, and can be determined as [18] (15) (16) where (17) and can be obtained by exchanging the and suffixes in (15)- (17) . The total capacitance in a single interconnect stage includes the output parasitic capacitance of the repeater, the interconnect capacitance, and the input capacitance of the following repeater: (18) Due to the shielding effect of the interconnect resistance, the load capacitance seen by the repeater is less than during an input signal transition. An effective capacitance , therefore, needs to be determined to estimate the short-circuit power. In order to obtain , the interconnect is first approximated by a model which matches the first three moments of the admittance at the repeater output, as shown in Fig. 3 . The model parameters can be obtained from the method presented in [19] . The effective capacitance of this structure can be obtained in a similar way as in [20] . In [20] , the driver output waveform is approximated by a quadratic function followed by a linear function. The output waveform of the repeaters generally follows a quadratic function during the input transition time. With this assumption, the effective capacitance of the model can be determined as (19) where , and is the time when the effective capacitance is evaluated. As expected, is between and . can be viewed as a metric charactering the shielding effect of the resistance. With increasing , decreases from to . The effective capacitance should be evaluated to determine the short-circuit current, which flows during a nonstep input signal transition. By fitting SPICE simulations, the evaluation time is determined as . The total short-circuit power of the inserted repeaters, therefore, is (20) where is the average saturated drain current of the NMOS and PMOS transistors in a minimum-sized repeater, and is the effective capacitance of each interconnect stage.
3) Leakage Power: In deep-submicrometer CMOS technologies, the dominant leakage current source is composed of subthreshold current and gate leakage current [21] . The total leakage power dissipated in the repeaters is (21) where is the average subthreshold current of the NMOS and PMOS transistors in a minimum-sized repeater. is the average gate leakage current of a minimum-sized repeater with low and high inputs. The leakage power is expected to dominate dynamic power and short-circuit power in future advanced technologies and high complexity systems, especially for those interconnects with low switching activities. Since the subthreshold current increases rapidly with increasing temperature, a worst case temperature of 100 C is assumed in this paper to emphasize the leakage power. In this case, and .
C. Power Dissipation With Delay Constraints
For a delay constraint greater than , the design space of the repeaters can be characterized as , which is the area inside the closed curves shown in Fig. 4 . From (5), the edge of the design space satisfies (22) With approaching , the design space converges to the minimum delay point . Note in Fig. 4 that the minimum that can satisfy the delay requirement occurs when . Alternatively, the minimum that can satisfy the delay requirement occurs when . The total power dissipated by an RC interconnect with repeaters is the summation of the three primary power dissipation components (23) In Fig. 5 , is plotted as a function of and . For each , an optimal exists to achieve the minimum power. If is too small, the signal transition time will be large, and the total power is dominated by the short-circuit power. If is too large, the total power is dominated by the dynamic power and leakage power.
and increase linearly with increasing for a fixed . , however, is more complicated. In order to obtain an analytic solution, some approximations are made to . The effective capacitance in one stage is a function of and . The ratio between and is plotted in Fig. 6 . In most cases, this ratio is varied in the range from 0.5 to 1. An average ratio of 0.75 is used in (20) to evaluate the short-circuit power. With this approximation, is always positive, which means that increases monotonically with increasing for a fixed . The total power , therefore, also increases monotonically with increasing for a fixed . This behavior is illustrated in Fig. 5 . For the design space shown in Fig. 4 , the minimum power can only be reached on the left edge of the design space.
The power dissipation at the edge of the design space is plotted as a function of in Fig. 7 . The dynamic and leakage power is plotted together since both of these power components depend linearly on . For each repeater size , there may exist two values of , causing the same delay , as shown in Fig. 4 . These two values of correspond to two power values, as shown in Fig. 7 . The minimum total power with delay constraints can be obtained by solving . Note that at the edge of the design space, is a function of . In order to provide a closed form solution for , the curve of around the power-optimal point is approximated by a part of an ellipse, as shown in Fig. 7(b) . The optimal design parameters for minimizing with a delay constraint can be solved by the Lagrange method [5] (24)
In Fig. 7(b) , is the minimum repeater size that can satisfy a target delay constraint, which can be obtained by inserting into (22) . and are the corresponding values of at and , respectively. The curve of is approximated by a linear function. With these approximations, the power-optimal repeater size with a delay constraint is (27) where
A detailed derivation is provided in the Appendix. The corresponding can be solved by inserting into (22) . Upon obtaining and , can be obtained directly from (23). If is not an integer, the nearest two integers are used to determine the minimum power ( will need to be recalculated).
For different interconnect loads and delay constraints, results from the proposed method are compared with SPICE simulations as listed in Table II . The average error of the analytically obtained minimum power is 7%. In these experiments, the total power does not include the power consumed by the load buffer. In Table III , different power components from the analytic model are listed separately for delay-optimal circuits and power-optimal circuits with delay constraints. The dynamic power listed in the table is only due to the parasitic capacitance of the repeaters, since the dynamic power due to the interconnect capacitance is a constant for a specific interconnect. As compared with the power dissipation in a delay-optimal circuit, significant power savings is achieved by adopting a power-optimal circuit with delay constraints. For a power-optimal circuit, all of the three power components decrease with increasing delay targets. Note that for a delay-optimal circuit, the short-circuit power is slightly less than the dynamic power of the repeaters. For a power-optimal circuit with delay constraints, the short-circuit power can be greater than the dynamic power of the repeaters. The short-circuit power grows in significance with increasing delay targets. The leakage power is less than a quarter of the dynamic power of the repeaters for the examples listed in Table III. The effect of switching factor on the solution of the poweroptimal design is illustrated in Fig. 8 . The curve is step like since the corresponding is an integer. As shown in Fig. 8 , under a delay constraint, decreases with increasing . At the limiting case, , only leakage power exists, and the optimal repeater size is . As shown in Fig. 7 , the short-circuit power at the edge of the design space increases with increasing repeater size, while dynamic power and leakage power decrease with increasing repeater size around the power optimal solution. A larger repeater size with fewer number of repeaters is, therefore, preferable for dynamic and leakage power dominant cases, and a smaller repeater size with a greater number of repeaters is preferable for short-circuit power dominant cases. For circuits with low power supplies, the threshold voltage is normally reduced to maintain performance. The leakage power, therefore, is a more dominant component of the total power consumption. In this case, the optimal repeater size is closer to .
D. Power Dissipation With Bandwidth Constraints
The bandwidth of an interconnect is assumed in this paper to be limited solely by the output signal transition time. Faster signal transition times support a shorter signal bit period, therefore, a higher bandwidth. For a bandwidth constraint , the signal transition time is assumed to be less than or equal to half the bit period, i.e., . The design space for different bandwidth constraints is shown in Fig. 9 . The design space is the area in the upper right side of the curve. From (3), the expression characterizing the design space edge can be determined as (30) In order for to be a positive real number, should be negative. An upper limit, therefore, is placed on the bandwidth by the process technology (34) Similar to the delay-constraint case, the minimum power with a bandwidth constraint can only be reached at the edge of the design space.
in (20) increases monotonically with (note that is negative). The total power at the edge of the design space, therefore, increases monotonically with increasing , as shown in Fig. 10(a) . The minimum power satisfying the bandwidth constraint can be achieved with minimum-sized repeaters. For minimum-sized repeaters, the corresponding and total delay, however, are unpractically large as shown in Figs. 9 and 10. In order to produce an effective repeater system, the delay and area constraints should also be considered.
E. Power Dissipation With Both Delay and Bandwidth Constraints
The design space under both delay and bandwidth constraints is the intersection of the design spaces described in Sections II-C and II-D, as shown in Fig. 11(a) . The minimum power is also achieved at the edge of the design space. As described in Section II-C, the minimum power satisfying the delay constraint occurs at . If these design parameters satisfy the bandwidth requirement, is the optimal design point for minimizing power while satisfying both the delay and bandwidth constraints. If cannot satisfy the bandwidth requirement, the minimum power occurs at the left intersection of the two design space edges, as shown in Fig. 11(a) and (b) . The coordinates of the intersection are obtained by solving (22) and (30). If no intersection exists between the two design spaces, the two constraints cannot be simultaneously satisfied, and one or both of the constraints have to be released. Other constraints, such as the number and size of the repeaters, can be similarly handled.
III. EFFECTS OF INDUCTANCE ON THE REPEATER INSERTION METHODOLOGY
For wide global interconnects, the inductance is not negligible and has to be considered in repeater design methodologies. In Section III-A, a timing model of an RLC interconnect is reviewed. In Section III-B, the effects of inductance on the repeater design space are analyzed. The minimum power consumption while satisfying delay and bandwidth constraints is described in Section III-C.
A. Timing Model of RLC Interconnect
In [2] , a variable is introduced to characterize the effects of inductance. By including the repeater output capacitance, becomes (37) where and . The corresponding with and is denoted as and , respectively. The delay model of an RLC interconnect is an extension of the result from [2] where the repeater output capacitance and input slew effects are included. The delay of a single stage interconnect for a step input can be obtained by curve fitting (38) where . The coefficients in (38) are slightly different from those in [2] due to the effects of the repeater output capacitance. In [22] , an accurate estimate of the rise time in an RLC interconnect is also obtained by curve fitting. The expressions, however, are analytically complicated. In this paper, a simplified piecewise approximation of the rise time is used otherwise.
(39)
When
, the interconnect is highly inductance dominant, and (39) can introduce a large error. In Fig. 12 , is plotted for different repeater sizes and interconnect lengths. The driver size is normalized to the size of a minimum inverter. The size of the load gate is the same as the driver.
m is the minimum global wire width specified in the ITRS [8] . The space between adjacent interconnects is assumed equal to the interconnect width. As shown in Fig. 12 , inductance effects become more significant with larger drivers. Note that for a fixed driver size, a minimum can be achieved in this example when the interconnect length is approximately 1 mm. When the wire length is too short or too long, the interconnect is dominated either by the repeater resistance or the wire resistance, respectively. In Fig. 13 , the inductance per unit length is plotted as a function of the space between the signal line and the current return path. The wire thickness is 0.4 m. Three wire widths are examined, 0.36, 1.8, and 9 m. The width of the reference line for the current return path is assumed to be the same as the signal line width. The inductance values are obtained with FastHenry [23] for a wire length of 10 mm. As shown in Fig. 13 , the interconnect inductance increases slowly with increasing space between the signal line and the current return path. With the same line space, wider wires exhibit smaller inductance. When the return paths are within 10 m, the inductance ranges from 0.5 to 1.5 m. 
B. Effects of Inductance on the Repeater Design Space
By including interconnect inductance, both the delay and signal transition time of an interconnect are affected. The repeater design space satisfying delay or bandwidth constraints is also changed, which is described in Sections III-B1 and III-B2, respectively.
1) Bandwidth Constraints:
The signal transition time at the far end of an RLC interconnect decreases with increasing inductance effects [7] . The inductance, therefore, increases the bandwidth of an interconnect. The repeater design space satisfying a bandwidth constraint is plotted in Fig. 14 for different values of inductance. With increasing inductance, the number and size of the repeaters can be reduced while maintaining the same signal transition time.
2) Delay Constraints: The delay of an interconnect with repeaters can be affected by inductance in three ways. First, the propagation delay along the interconnect can increase with increasing inductance [24] . Second, the inductance reduces the signal transition time, decreasing the gate delay due to the input slew effect. Third, due to the inductive shielding effect (described by El-Moursy and Friedman in [24] ), both the effective capacitance seen by the driver and the equivalent output resistance of the driver are reduced. The gate delay is, therefore, further reduced. (Since the delay model used in this paper is based on curve fitting, and a constant driver resistance is assumed, the third inductance effect is not considered in this model).
As presented above, the interconnect inductance has competing effects on the total delay. The total delay of an interconnect with repeaters is plotted in Fig. 15 . As shown in Fig. 15 , with increasing line inductance, the total delay decreases until a minimum delay is achieved. The analytic model overestimates the inductance effects when the inductance is low; however, the trend of the inductance effect is captured. In Fig. 16 , the repeater design space satisfying a delay constraint is plotted for different values of inductance. Only the portion of the design space with fewer and smaller repeaters is of interest. As shown in Fig. 16 , the design space first expands and then shrinks with increasing inductance. Larger inductance does not necessarily result in fewer and smaller repeaters. When the inductance changes from 2 m (the left curve in Fig. 16 ) to 4 m (the curve second to the left in Fig. 16 ), the number and/or size of the repeaters should be increased to satisfy the same delay constraint.
C. Power Dissipation With Delay and Bandwidth Constraints
The inductance affects the minimum power with delay and bandwidth constraints in two ways. First, the design space is changed as discussed in Section III-B. Second, the short-circuit power consumed by the repeaters may also be affected by the inductance for a fixed interconnect configuration. As presented in Section III-B, the inductance can produce faster signal transition times, reducing the time during which the short-circuit current can flow [7] . The inductance also shields part of the far end capacitance [24] , resulting in a smaller effective load capacitance and increasing the peak short-circuit current.
Similar to an RC line, a distributed RLC interconnect with a capacitive load can be represented by a model [25] . The effective capacitance of the model is (40) In Fig. 17 , the short-circuit current of a repeater in an interconnect system is illustrated for different inductance values. The short-circuit energy consumed in one signal transition is depicted in Fig. 18 . When , the effect of the inductance on the transition time cancels the inductive shielding effect on the load, making the short-circuit power less sensitive to inductance. This result shows that the common assumption that inductance can reduce short-circuit power is not always true. Actually, the short-circuit energy increases slightly with increasing inductance until a maximum energy is achieved. With a larger repeater size, the effect of inductance on the transition time increases and starts to dominate the inductive shielding effect on the load for large inductances, decreasing the short-circuit power. For , the short-circuit energy is almost constant when m, however, both the period and peak value of the short-circuit current vary over this range of inductance, as shown in Fig. 17 . When , the effect of inductance on the transition time dominates the shielding effect for any value of inductance. For very large repeaters, the short-circuit power always decreases with increasing inductance.
As described in Section II, the minimum power of an RC interconnect with repeaters can be achieved at the edge of the design space. For practical RLC interconnect structures, this behavior is also valid. Given a design space, the minimum power can be solved numerically by applying the Lagrange method. In Fig. 19 , the minimum achievable power of an interconnect with inserted repeaters while satisfying a delay constraint is plotted for different values of inductance. The clock frequency is 1 GHz. As shown in Fig. 19 , by including inductance, the minimum interconnect power under a delay constraint is slightly reduced. This reduction is partially due to the extension of the design space (for low values of inductance) and partially due to the reduction in short-circuit power (for large values of inductance).
As described in Section II, the minimum power of an RC interconnect with bandwidth constraints can be achieved by using the minimum-sized repeater in the design space. This statement, however, is not correct for RLC interconnect. The optimal for an RLC line to achieve the minimum power is normally unpractically large. In Fig. 20 , the minimum achievable power of an RLC interconnect satisfying a bandwidth constraint is plotted for different values of inductance. In this example, is limited to 10. As shown in Fig. 20 , the inductance reduces the minimum power under a bandwidth constraint. Note in Figs. 19 and 20 that the analytic model overestimates the inductance effect for small values of inductance. The error of the analytic method is less than 10% in Fig. 19 and less than 6% in Fig. 20 .
IV. CONCLUSION
In this paper, a repeater insertion design methodology is presented to achieve the minimum power with delay and bandwidth constraints. Input slew effects are considered in the delay model. The minimum power is achieved at the edge of the design space. Closed-form solutions for the minimum power in an RC interconnect are developed with delay constraints, where the average error of the model is 7% as compared with SPICE simulations. Satisfying a bandwidth constraint, the minimum power dissipated in an RC interconnect can be achieved with minimum-sized repeaters. The effects of inductance on the repeater insertion methodology are also analyzed. It is shown that the effect of inductance on the interconnect delay (including the delay of the repeaters) and on the short-circuit power is nonmonotonic. The overall effects of inductance reduce the minimum achievable power under a delay or bandwidth constraint.
APPENDIX MINIMIZING WITH A DELAY CONSTRAINT FOR RC INTERCONNECT
Since both and linearly depend on , the problem of minimizing can be formulated as: minimizing function subject to the constraint . As described in Section II, the minimum can only be achieved at the edge of the design space. The constraint , therefore, can be further simplified as . The curve of around the power-optimal point is approximated as a part of an ellipse (51) where , , and are defined in Section II. From (51), can be determined as (52) achieves the minimum value at , therefore, . By utilizing this result, the derivative can be obtained as shown in (28). The short-circuit power around the power-optimal point is approximated as (53) From (52) and (53), the derivative of can be determined as (54) Setting (54) to zero, the power optimal solution (27)-(29) can be obtained.
